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 Abstract  : Previous definitions of the solar wind-magnetosphere dynamo based on the 
frozen-in condition and the Poynting vector have been reviewed theoretically. The 
physical property of an open dynamo in the magnetospheric boundary layer, exchanging 
matter as well as energy with the outside system, is proposed on the basis of a low-density 
collisionless plasma where the concept of the frozen-in condition is questionable. 
   The open dynamo, which generates an electromotive force (EMF) through the conver-
sion of kinetic energy, is defined as an irreversible nonlinear system. The dynamo may be 
located in the Earth's magnetospheric boundary layer, immediately inside the 
magnetopause where the adiabatic invariants may be violated and the hot solar wind 
plasmas cross the magnetic field lines. The open dynamo within the nonequilibrium flow 
region is therefore separated from the conventional MHD dynamo, which mainly generates 
and maintains a magnetic field within cosmical bodies (i.e. the Earth's, the Sun, magnetic 
stars, etc.) defined as closed systems.
1. Introduction 
   The idea of a solar wind-magnetosphere dynamo has long been proposed as a 
possible mechanism for transferring the solar wind energy to the power of magnetospher-
ic activity in both open and closed magnetosphere models (e.g. Akasofu, 1977 and 
references therein). The mechanism for energy transfer has been discussed from two 
different view  points  : (i) magnetic reconnection as a release mechanism of stored or 
loaded magnetic energy (e.g. see Russel and McPheron,  1973  ; Axford,  1984  ; Schindler et 
 al., 1988), and (ii)  MHD dynamo as a conversion mechanism of "directly driven" or 
unloading processes (e.g. Akasofu, 1974, 1979, 1980, 1983 ; Eastman et  al.,  1976  ; Lundin, 
1984 ; Lundin et  al., 1991). 
   The MHD electric power generator or dynamo may be very useful as a mechanism 
in the dayside magnetosphere, since the kinetic energy of the flow of the solar wind 
plasma, for the most part, is a factor of 10-100 times greater than the magnetic energy 
or thermal energy of the solar wind (e.g. Obayashi, 1970). The determination of the 
energy coupling function  6(0 obtained by Akasofu (1979) indicates that the transmission 
of generated power to the inner magnetosphere and ionosphere is a direct process (e.g. 
Akasofu, 1980). Namely, the total energy consumption rate of the magnetosphere 
correlates well with the solar wind-magnetosphere energy coupling function e(t). 
Therefore, Akasofu emphasized the possible existence of the solar wind-magnetosphere 
dynamo (Akasofu, 1983).
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   Akasofu (1977) considered the dynamo process extensively as a power supply, based 
on the Poynting vector, which includes the pre-existence of the reconnection electric field 
E with the frozen condition (see Kan and Lee, 1979).  Lundin et al. (1991) have empha-
sized the positive contribution of the boundary layer EMF to magnetospheric substorms 
using the observations of massive solar wind plasma injection and further discussed the 
two substorm models based on the EMF produced in the low-latitude boundary layer 
(LLBL). They proposed the hypothesis that the dayside oval is persistently active while 
the nightside oval is only temporarily active. However, they did not discuss theoreti-
cally the definition of dynamo and the property of dynamo within the LLBL. 
   Magnetic reconnection has also been differently defined by many authors, making it 
very  difficult to draw a clear distinction between the dynamo and magnetic reconnection 
(cf. see Kan et  al., 1980). Further, the different types of  MHD dynamos, for example, the 
current dynamo, have been proposed to occur during the magnetic reconnection process 
(e.g. Heikkila,  1982  ; Song and Lysak, 1990). 
   A recent study has presented results which suggested that over  90% of the auroral 
electrojet (AE) variation could be predictable from solar wind variations alone (e.g. 
Baker et al., 1997). It has therefore become an  urgent problem to reexamine the 
definitions of dynamo to study the property of an open dynamo compared with the closed 
MHD dynamo and the magnetic reconnection. The dynamo definition based on EMF  Ee 
(= v x B) within the low density plasma region (the characteristic length  /c<the mean 
free path A) is revaluated and a property of an open dynamo is proposed under the 
penetration of solar wind hot plasmas into the magnetospheric boundary layer.
2. Definitions of the Dynamo and Electromotive Force 
   Recently, the difference between the magnetic reconnection and the MHD dynamo 
became more vague, because magnetic reconnection has been differently defined by many 
authors (e.g. Schindler et  al., 1988 and references therein). In addition, a turbulent 
dynamo based on the Poynting theorem was discussed in the magnetic reconnection 
process, taking into consideration the current-dynamo effect (e.g. Lee and Roederer, 
 1982  ; Song and Lysak, 1990). It is, therefore, necessary to clarify the properties of the 
MHD dynamo in the open system and to study the physics of the generating mechanism 
of the impressed field strength. 
   There have been at least three definitions of the MHD dynamo in space science from 
a viewpoint of electrical power with energy  conversion  : 
(A) The Poynting vector  P=E  x  B  >0. (1) 
   The dynamo is the region where the divergence of the Poynting vector is positive, 
being greater than zero (e.g. Akasofu,  1977  ; Pudovkin et  al., 1986). 
(B) The work done by the electric field  j  •  E  <  O. (2) 
   The dynamo is the region where the work done by the electric field j  • E  <  0 (e.g. Lee 
and Roederer,  1982  ; Song and Lysak, 1990).
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(C) The electromotive force (EMF)  Ee=vxB>  O. (3) 
   MHD dynamo utilizes a nonequilibrium plasma jet propelled across a magnetic field 
to generate electricity (e.g. Priest, 1982 Shibuya, 1991). 
   The definitions given in (A) and (B) are also not well suited for the definition of the 
dynamo, since they include the previous existence of the electric field E from the start, 
not revealing how the electric field had been generated. The Poynting vector in Eq. (1) 
represents the energy flow of the electromagnetic waves across a given enclosed surface, 
rather than the convertion of kinetic energy into electromagnetic energy. In a magnetic 
plasma, the electric field drift (or  E  x  B drift) of the guiding center is caused by the 
Poynting vector, and the magnetic frozen-in field is defined fundamentally by the  EXB 
drift  (Alfvên and  Falthammar, 1963). Therefore, the definition (A) is too general to be 
used as a definition for the  MHD dynamo. 
   From the entire surface integral of the well-known Poynting vector  P=ExH, and 
making use of Maxwell's equations, the conservation of electromagnetic energy can be 
derived, often called Poynting's theorem as 
     PdS= fdiv(E x B)dV If (E • aD+B•at )dVfj•EdV(4)          2at 
   When the electric and the magnetic fields are not time-dependent, Eq. (4) can be 
reduced to
           LE X BdS=fE• jdV(5) 
Therefore, definition (B) of the current dynamo is a special case of definition (A). 
Further, the generating mechanism of the static electric field E can not be essentially 
explained by both definitions based on Poynting's theorem. 
   Definition (C), which includes the process of converting the solar wind kinetic energy 
(or thermal energy) into electrical energy, is the most essential definition for the dynamo 
in the magnetospheric boundary layer, based on the magnetic flux cutting law in an open 
system. The dynamo in the boundary layer may continuously convert the kinetic energy 
of the solar wind into the electrical energy which maintains the magnetosphere-iono-
sphere electric current circuit. 
   Dynamo theory is an inherently complicated subject and the equation should not be 
linearized, because dynamo action is essentially nonlinear in character. The Lorentz 
force term  vxB in the self-consistent plasma equations is generally a nonlinear term 
which can not be neglected under certain resonant conditions. 
   Therefore, an open dynamo in the magnetospheric boundary layer is defined as a 
nonequilibrium, nonlinear system which converts the kinetic or thermal energy of the 
solar wind into the electrical energy, which can be expressed as a volume integral over 
the square of the EMF  Ee.
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3. Open Dynamo and Microscopic View Points 
   The properties of the magnetosphere with magnetic plasmas depend on many 
parameters, such as its number density n, temperature T, the mean free path A, and the 
characteristic length  lc of the region considered. The macroscopic model  (A<1,) 
requires high- and medium-density plasmas and includes the condition of a magnetic 
frozen-in system. This model does not permit the plasma particles to penetrate into the 
magnetosphere and is classified as a closed  MHD dynamo (see Fig. 3). 
   The microscopic model  (A  le) requires low-density plasmas in an inhomogeneous 
magnetic field. In addition, the lines of the magnetic field need not be equi-potential 
lines, because an individual electron obeys the equation of motion  medvilldt—eEll. The 
corresponding current density i11is given by                                          -  
 dill —nee' (6)                          d
t me 
where one may have  iiI*0even if Ell =0, and  =  6'11E11 has no meaning  (Alfvên and 
 Fdlthammar, 1963). The condition of the microscopic model in the present application 
acts in the separation of the plasmas, being confined by the magnetic mirrors. 
   Since the value of the magnetic Reynolds number in the magnetospheric boundary 
layer (the characteristic length  /c=1R,) is much smaller than that of the solar wind  (lc 
 =1031?,), the frozen-in condition or the ideal  MHD for the solar wind may be broken in 
the magnetospheric boundary layer or dynamo region. Therefore, this drastic scale 
change probably improves the penetration of charged particles of the solar wind into the 
magnetospheric boundary layer. This thought is consistent with the dynamics of the 
magnetospheric boundary region which has been examined through non-MHD simula-
tions, called magnetoplasma dynamics (MPD) with a modified set of single fluid equations 
(see Winglee, 1994). 
   The penetration model of interplanetary plasma into the magnetosphere is  illus-
trated for parallel and antiparallel storms in Fig. 1 (after  Ally-6n et  al., 1965). The depth 
of particle penetration may be determined by the ratio of the magnetic field to the kinetic 
energy or the temperature of the incoming plasma. The depth of particle penetration is 
not determined by the dynamic pressure balance as in hydromagnetic models, which has 
been pointed out by  Alfvên et  al. (1965). From microscopic view of open dynamo the 
high energy solar wind plasma particles can cross the magnetopause to get into the 
boundary layer if the tangential electric field changes in consort with changes in the 
magnetic field as  Ee  v  x  B for continuous earthward nonequilibrium plasma jet (cf. 
Heikkila, 1986). For these reasons, this microscopic model for the choice of the micro-
characteristic length predicts the formation of the open dynamo where the plasmas cross 
the geomagnetic field. 
   To determine the actual injection mechanism into the low-latitude boundary layer 
having a thickness of  0.5-1R, (e.g. Eastman and Hones, 1979), consideration is given to 
the following simple model of the geomagnetic dipole field line (see Fig. 2). A typical
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Fig. 1. Schematic illustration of the possible configuration of the magnetosphere field 
   and the penetration of interplanetary plasmas into the magnetosphere (after 
 Alfvén et  al., 1965). The model is illustrated for parallel and antiparallel IMF.
adiabatic trap consists of the equatorial region of the geomagnetic field  Bo of the 
boundary layer, bounded at each end by the stronger field  Bn, of the polar ionosphere, 
namely the magnetic mirror region. The voltage difference between the polar iono-
sphere and the equatorial region of the magnetospheric boundary layer is proportional to 
the difference in the magnetic field intensity between Bm and  Bo. 
   For a typical electron in the solar wind or magnetosheath plasma with electron 
temperature Te and magnetic field  B,,, the equivalent adiabatic invariant is  per=  kTelBm. 
If the magnetic moment  it in the low-latitude magnetospheric boundary layer is less than 
the equivalent adiabatic invariant  jue' of the hot solar wind plasma, that is, 
                            rnvlk Te  
         Pe='  (7) 
the second adiabatic invariant is violated, i.e. the invariant,
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       Fig. 2. Schematic illustration of a simple model of the geomagnetic dipole  field  line. 
          When the equivalent adiabatic invariant  fie' of the incoming particle is greater
          than the adiabatic invariant of the magnetic dipole field line, the incoming 
          particle can not be confined by the magnetic well potential and cut the magnetic 
          field lines. 
 f sm              -mdsconstant, (8)                                                  am 
because  mull is changed violently by the hot solar wind plasmas  kTe in the magneto-
spheric boundary layer. Actually the orbit theory starts with perfectly symmetric 
magnetic fields which are slowly varing and the Larmor radius is small. When the 
change of B occurs on a time scale not long compared with the bounce time, J is not 
conserved. Further the actual magnetic fields in the dayside are distorted by such 
effects as the disturbed solar wind and a charged particle does not come back to the same 
line of force, hence the second adiabatic invariant is not conserved in this case. 
   Therefore, the hot solar wind plasmas can not be confined or trapped by the 
equivalent magnetic potential well and can displaced from one equipotential surface of 
the magnetic field to another higher magnetic field lines (see  Fig.  2). During these 
penetrating process, the electromotive force induced through the magnetic flux linking 
law (or Faraday's law) may also be theoretically important, as has been pointed out by 
Heikkila (1982). 
   The non-symmetric unsteady state processes by which a magnetic field can be 
generated are separated into two types of dynamo systems. One type is the closed 
dynamo system (or closed cycle) which exchanges only energy or heat with the other part 
of the system. The closed dynamo with high- or medium-density plasmas  (A<<  lc) occurs 
 v  x  B 
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3. Logic diagram of the closed dynamo system and the interaction between the 
plasmas and the magnetic field (after Priest, 1982).
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in widely different cosmical bodies, i.e., the Earth's interior, the Sun, and the magnetic 
stars. In this approach an attempt is made to select a suitable velocity distribution so 
that the dynamo is capable of maintaining a steady magnetic field (e.g. Elsasser, 1956). 
   Many researchers have studied the mechanisms of the closed dynamo associated 
with the Earth's interior and the magnetic stars (e.g. Soward, 1983). The logic diagram 
of the closed system for the interactions between the plasma and magnetic field is 
illustrated in Fig. 3 (Priest, 1982). In closed dynamo theories the frozen-in magnetic field 
is maintained by currents induced in the plasma by its motion across the frozen-in 
magnetic lines of force (E+  V  x  B  =0). 
   The other type of system is the open dynamo system (or open cycle) which continu-
ously exchanges plasma or matter as well as energy with the outside system and 
generates EMF through the kinetic energy conversion process. In this approach, the 
conducting fluid which moves through the magnetic field does not circulate and irreversi-
bly generates an EMF within the dynamo region. The open generator constructed by 
the dynamic interaction between two systems has mainly been studied in the laboratory 
environment (e.g. Sutton and Sherman, 1965), and recently been found in different 
magnetosphereric boundary layers. The kinetic energy or thermal energy of the flow 
can be irreversibly converted to electrical energy by the open dynamo. The generation 
mechanism of the open dynamo, especially in the magnetospheric boundary layer, can be 
defined by the definition (C) given in Section 2. 
   The logic diagram of the present open dynamo system is illustrated in Fig. 4, where 
the arrows denote the causal processes. Figure 4 is fundamentally different from Fig. 3, 
because the open system in Fig. 4 suggests that each system does not exist by itself and 
interacts with other systems irreversibly to convert kinetic energy into electromagnetic 
energy or electromotive force. The interaction between the solar wind plasma and the 
magnetic field of the boundary layer is illustrated with the simple schematic diagram 
(Fig. 4) for the open system, where matter as well as energy is exchanged with the outside 
system (the solar wind) and an external load (resistance) is  connected as a dissipation 
system (the polar ionosphere).





                              lQ 
                    Bi 
Fig. 4. Logic diagram of the open dynamo system and the interaction between the 
   plasmas and the magnetic field, where the arrows denote the causal processes (cf. 
   Fig. 3).
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4. Discussion and Conclusions 
   In concluding, we propose that the continuous transfer of energy, mass, and momen-
tum from the solar wind into the magnetospheric boundary layer is forming an irrevers-
ible nonlinear system classified as an open dynamo which may be located earthward of 
the magnetopause and has somewhat different mechanism from Akasofu's mechanism of 
MHD dynamo (1974, 1983). For this reason the open dynamo which does not exist alone 
and interacts irreversibly with the external source system has the unique logic diagram 
as illustrated in Fig. 4. The hot solar wind plasma flows across the magnetic field lines 
of the magnetospheric boundary layer and induces the EMF  ( = v  x B) in the open 
dynamo region, which is likely supported by the observational work of Lundin et al. 
(1991). 
   The EMF due to the non-electrical effects is the fundamental cause of converting the 
kinetic (or thermal) energy of the solar wind into electrical energy. Therefore, we have 
revaluated that the definition for an open dynamo by EMF  Ee=vxB>  0 based on non-
electrical effects is more fundamental than the conventional definitions of dynamo based 
on the Poynting vector  P=E  X  B>0 or the work done by the electric field  j•E<  0. 
   As  Alfven et al. (1965) point out, the particle crossing process, through the violation 
of the second adiabatic invariant, locally and irreversibly converts the kinetic energy of 
the hot solar wind plasma particles into the electrical energy. The open dynamo 
condition  (A>1,), which violates the fluid nature of the magnetopause, allows the solar 
wind low-density plasma particles to penetrate across the magnetic field lines. The 
open dynamo condition differs drastically from the frozen-in magnetic condition  (A<<  le) 
which implies high- or medium-density magnetic plasmas and preserves the first and 
second adiabatic invariants.
   The author wishes to express his sincere thanks to Profs.  S.-I. Akasofu and L.C. Lee 
of Alaska University, Prof. H. Oya of Tohoku University, Dr. T. Tamao, and Dr. Y. 
Higuchi for their valuable discussions on this topic.
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